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The objective of this study is to evaluate the feasibility of using concrete 
containing Recycled Concrete Aggregate (RCA) and Fly Ash in concrete pavement 
applications.  The use of RCA and fly ash in concrete pavement applications has not been 
fully developed.  The advantage to use both RCA and fly ash can improve workability 
and durability, due to properties of RCA and fly ash, as well as environmental protection 
and sustainability of material sources.  RCA in concrete is less susceptible to durability 
problem because the aggregates have already endured the majority of the damage.  By 
adding fly ash to increase workability without increasing the water content improve the 
durability of the resultant pavement.  This research consisted of two batches of different 
concrete mixtures produced in the laboratory.  The first batch of concrete contained 0%, 
25% of RCA with 0%, 10%, and 15% fly ash (by weight) was cured with two cure 
durations with a w/c ratio of 0.55.  The second batch of concrete mixture contained the 
same amounts of RCA and fly ash as aforementioned with w/c ratio of 0.45.  The effects 
of RCA and fly ash on the compressive strength, modulus of electricity, and flexural 
strength are discussed in this research with a target compressive strength of 4500psi, and 
5500psi at water/cement ratios of 0.5, and 0.4 of referenced control mix, respectively.  
The resulting data indicates that the mix containing 10%, 15% fly ash and 25% RCA 
slightly reduced the strength but is still comparable with the concrete containing virgin 
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aggregate without fly ash.  With the use of RCA up to 25%, and fly ash up to 15%, there 
will not be a significant difference (if any) in strength compared with concrete containing 
virgin aggregate and Type I, Portland cement.  Therefore the assertion of great benefits to 
using recycled aggregate as a substitute for virgin aggregate, and using fly ash (a by- 









1.1     Background 
 The potential use of Recycle Concrete Aggregate (RCA) has been explored 
previously, but its use with fly ash in concrete pavement has not been thoroughly 
studied.  The application of RCA in concrete started in the U.S. in 1942 by using 
demolished concrete pavement as recycled aggregate for stabilizing the base materials 
for road construction [1].  Applying the use of fly ash, Kou quantified the advantages of 
using fly ash as an additional cementitious material in RCA to improve workability and 
durability [2].  The workability and durability of RCA concrete mixes can also be 
improved by using fly ash.  The advantages of using RCA and fly ash are of sustainable 
and environmental concern.  The large volumetric in-waste or by-product materials from 
industry are going to landfills and have been increasing with time.   
Sustainable materials are one of the strategies to be considered by the construction 
industry to help circumvent this problem.  A couple of ways to achieve the goal of 
reducing volumetric in-waste is to utilize RCA from the largest sources of such waste 
such as construction and demolition projects, and fly ash from burning coal in the 
production of concrete.  This is the primary impetus for the recycled materials of 
concrete pavement in the form of RCA and fly ash, and has become an obvious choice 
for concrete pavement.  Subsequently there is a need to assess the performance of RCA 
with fly ash for use in concrete pavement.  The input parameters required for critical 
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response computation with use of the Mechanistic-Empirical Design Guide of new and 
rehabilitated pavement structures are: elastic modulus, Poisson’s ratio, and modulus of 
rupture.  Test results of each test will be presented followed by a discussion of how these 
parameters results affect the use of RCA and fly ash in concrete pavement.   
In 2009, Bekoe reported that concrete made with RCA has slightly lower 
compressive strength, flexural strength, and lower stiffness [3].  In earlier research 
studies involving concrete for use in pavement, it was reported that the optimal concrete 
mixture for concrete pavement was not necessarily a concrete with a high flexural 
strength, but a concrete with the proper combination of low modulus of elasticity, low 
coefficient of thermal expansion and adequate flexural strength [4]. The attributes of 
concrete containing fly ash and RCA are conciliatory to the characteristics necessary for 
pavement concretes as detailed by Tia, et al [4].  This elicits a further study to evaluate 
these characteristics quantitatively. 
Therefore, incorporation of RCA and fly ash in concrete can reduce the modulus 
of elasticity of concrete mixtures and subsequently can reduce the load-induced stresses 
in concrete pavements.  Addition of RCA to concrete reduces the stress-strain ratio and 
thus improves the performance of concrete pavement under load conditions.  Fly ash has 
been approved for use as a replacement of cement to make durable and workable concrete 
with low drying shrinkage, and lower heat evolution during hydration [5].  The 
performance the use of RCA and fly ash has been generally good, and previous literature 
suggests that the use of RCA in pavement is worth considering given the hard, durable 
nature of the virgin aggregates [5]. 
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1.2    Research Objectives and Scope 
A concrete pavement road must sustain many load cycles through its lifespan.  
Accordingly, the objective of this study is to evaluate material properties of concrete 
containing varying amounts of fly ash and/or RCA.   The first parameter to be evaluated 
will be compressive strength.  Compressive strength in the context of this application is a 
measure of the concrete to withstand cracking when a large concentrated load is applied.  
The next parameter to be evaluated will be the elastic modulus.  The concrete must have 
an adequate elastic modulus such that it does not pit when a repeated load is applied.  
One of the common characteristics of an older concrete road is pits caused by moderate, 
localized, cyclic compressive stresses.  These pits turn lead to one of several common 
failure mechanisms such as several forms of cracking (freeze cracking, D-cracking) [5].  
Another important parameter to be evaluated will be flexural strength.  Flexural strength 
of the concrete is a measure of the concrete’s ability to resist flexing when a large, 
distributed load is applied over a length of the concrete segment.  If the concrete flexes 
too much for a given segment, then the concrete will have to be thicker such that it does 
not fail by tensional stresses on the bottom fiber of the slab of concrete.  
As usual, there will be a substantial amount of time devoted to literature review of 
other studies done pertaining to the use of RCA and fly ash in concrete as well as the 
production of RCA and fly ash.  This review will be not only on past research but also on 
current studies in so far as the data is available.  This is largely to understand the methods 
used and the results obtained so that successful patterns in test methods will be realized. 
The purpose of this research will be to evaluate the effects of fly ash on a concrete 
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mixture containing a constant amount of cement and RCA.  Specifically, the compressive 
strength, elastic modulus, and flexural strength are to be evaluated as detailed above.   
 
1.3    Organization of Thesis 
 This thesis is divided into six chapters.  Chapter One provides a general 
understanding of the advantages of adding fly ash as a cementitious material in RCA 
concrete.  Another purpose of this chapter is to explain the economic and environmental 
significance of using recycled materials. 
 Chapter Two provides an extensive review of literature and studies available 
regarding the use of RCA and fly ash, as well as the determination of mechanical 
properties for concrete mixes containing varying percentages of fly ash and a constant 
amount of RCA.  Additionally, this chapter reviews some chemical properties of fly ash 
which can improve durability and workability in concretes mixed with RCA. 
Chapter Three identifies materials needed to produce concrete mixtures with the 
required properties for pavement applications.  This chapter elaborates the details of 
materials selection, mix proportion and mix ingredients used for concrete mixtures in this 
study.  It also explains the standard method for the preparation of concrete mixtures in the 
laboratory and references the standard ASTM testing methods performed in this study. 
Chapter Four explains the details of the experimental setup.  This chapter 
describes the experimental testing method and provides those results.  Figures and tables 
are provided to facilitate the reader’s understanding of the procedures and results of this 
study step by step of each mix.  
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Chapter Five provides a comparison between two types of concrete mixtures with 
different water/cement ratio 0.55, and 0.45, as well as a comparison of elastic modulus 
between the experimental and analytical results.  It also analyzes the effects of RCA and 
fly ash on compressive strength, elastic modulus, and flexural strength in concrete 
containing RCA and fly ash. 
Chapter Six provides an over-arching perspective of this study.  Remarks 
regarding the amount of RCA and fly ash used in concrete pavement applications are 
given, and ways of improving the amounts of RCA and fly ash in concrete pavement 









 Upon review of some of the literature and studies available regarding the use of 
RCA and fly ash, as well as the production of RCA and fly ash it is noticed that concretes 
containing fly ash within a certain range (by percent weight) are more workable and 
durable.  With this in mind, the research herein attempted to establish mechanical 
properties for concrete mixes containing varying percentages of fly ash and a constant 
amount RCA. Following is some brief historical information on what RCA and fly ash 
are, as well as early uses and problems regarding each. 
  
2.1     Brief Historical Overview 
The first modern recorded use of concrete recycling occurred in the U.S. in 1942 
[1].  It was performed by the Portland Cement Association and was used in the 
rehabilitation of a failed road pavement in Kansas.  The use of the recycled concrete 
became more common in the 1970s when the Army utilized it for runway construction. 
The Federal Highway Administration (FHWA) began programs that recycled concrete in 
the early 1970’s because it was realized that the use of recycled materials offers 
environmental advantages by diverting material from waste dumps to reducing the 
energy invested in processing virgin materials, to conserving virgin materials and 
allaying pollution.  Ever since, the use of recycled materials in the construction industry 
has become increasingly popular. 
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Fly ash is a fine particulate byproduct of coal combustion in power generating 
stations and is typically collected from the flue gases by electrostatic precipitators.  It is 
the non-combustible mineral portion of coal.  Chemically, fly ash is a pozzolan.  
According to ASTM C125, pozzolan is a siliceous or siliceous and aluminous, material 
which in itself possesses little or no cementitious value.  However, when expose to 
moisture, it chemically reacts with calcium hydroxide at ordinary temperatures to form 
compounds possessing cementitious properties [6].  It has been shown in previous 
studies that fly ash can slightly increase the strength of some concretes and so presents a 
great opportunity to recycle material that is generally considered waste. 
 Fly ash has been utilized for product development since the early 1900s [7].  
However, with increasing environmental concerns regarding potential health hazards of 
fly ash, it is increasingly difficult to find a product market for the safe use of fly ash [8].  
The Florida Department of Transportation (FDOT) conducts their own experiments in 
the laboratory and has demonstrated that concrete added byproduct materials is 
beneficial in pavement and roadway construction applications [9].   
 In December 2005, the FDOT State Materials Office in Gainesville, Florida 
initiated an evaluation regarding uses of fly ash in concrete.  The objective of this 
evaluation was to develop a comparison of the material performance properties of the 
hydrated circulating fluidized bed ash relative to conventional pavement construction 
materials. The mechanical properties of this material were evaluated at the FDOT State 
Materials Office and on a field test section in conjunction with the construction of a new 
roadway construction project [9]. 
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2.2    Current Developments 
 
 Since 2000, there has been a renewed interest in recycling, spurred by an increasing 
volume of waste or by-product materials from domestic and industrial sources as well as 
mining sources and a decreasing availability of landfill space for disposal [10].  In 2004, 
the FHWA published its National Review of RCA use. Its purpose was to capture, for 
technology transfer, the most advanced uses of RCA by state highway agencies. The 
FHWA found that concrete routinely is being recycled into base materials in different 
highways in the United States [11].   
 Use of supplementary cementitious materials to replace cement in concrete can 
reduce the environmental impact of concrete by reducing carbon emissions from the 
production of cement [12].  Fly ash is the most abundant of the supplementary 
cementitious materials.  Currently, it is believed that just 10% of the concrete produced 
worldwide uses fly ash, which consumes only 6% of the total supply [12].  In 2007, the 
Oklahoma Department of Transportation reported that replacement rates of 15% fly ash 
and 25% slag in cement improved long-term concrete properties with little sacrifice in 
early age properties.  However, it must be noted that replacement rates of 15–20% fly 
ash has been shown to increase expansion related to alkali silica reaction [13]. 
 The main benefit of fly ash in concrete is not only it reduces the amount of non-
durable calcium hydroxide (lime), but also in the process that converts it into calcium 
silicate hydrate, which is the strongest and most durable portion of the paste in concrete.  
 A survey conducted of many highway agencies in the United States indicated that 
there is a great potential for the use of recycled aggregates with fly ash mixture in new 
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pavement construction.  There is sufficient published data currently available to 
demonstrate that RCA with fly ash is a viable alternative to virgin aggregate for unbound 
base construction and in the State of Florida this has already been demonstrated.  It is 
estimated that about 10% of the current aggregate used in roadways in Florida is 
obtained from recycling [14].  
 In 1983, deteriorated concrete from a 6- mile long freeway pavement in Michigan 
was crushed, and the rubble was used as aggregate for concrete that was needed for the 
construction of the new pavement [15].  In 1986, the Illinois Department of 
Transportation undertook a demonstration project to monitor the construction and 
performance of two separate concrete pavements constructed from an old recycled 
Portland Cement Concrete Pavement.  On one project, an old, badly faulted, jointed 
reinforced concrete pavement containing high quality aggregates was recycled into a 
new continuously reinforced concrete inlay.  On the second project, a deteriorated 
continuously reinforced concrete pavement containing D-cracking susceptible 
aggregates was recycled into a full-depth asphalt concrete inlay.  The construction of 
both projects was monitored.  Performance monitoring of the recycled pavement began 
in 1987, and included friction testing, ride quality testing, visual distress surveys, and 
deflection testing with a Falling Weight Deflectometer.  After five to six years in 
service, it was found that both pavements were performing well, and no major 
maintenance is required. The above studies suggest that there is technical feasibility in 
the use of recycled Portland Cement Concrete Pavement as base aggregate for new 
Portland Cement Concrete Pavement [16]. 
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2.2.1    Fresh Concrete 
 
 The first 48 hours are very important for the performance of a concrete structure.  It 
controls long term behavior and influences f’c, the modulus of elasticity Ec, and the 
durability.  Fresh concrete made with RCA tends to be harsh due to the angular shape 
and rough surface of the aggregate.  It is also more prone to slump loss and requires 
higher air contents due to the greater porosity of the RCA itself and to the entrained air 
in the original mortar as compared to concrete made with virgin aggregates [17].  The 
physical properties of fresh concrete include: unit weight, air content, and workability.  
 The principles used to design concrete mixtures with conventional aggregates also 
apply when using recycled aggregates and fly ash with some additional considerations.  
Trial mixtures are required to determine proper proportions and to check the new 
concrete’s quality.  It is recommended that all RCAs are pre-soaked to offset the high 
absorption before mixing [18].   
 A standard study of Indian blended cement, pursued as a part of New Millennium 
Indian Technology Leadership Initiatives, has indicated that the typical use of fly ash in 
Indian PPC is in the range of 15–25%.  Higher usage of fly ash is restricted due to a 
decrease in the strength of concrete, especially at early ages.  This is attributed to the low 
reactivity of fly ash [19]. 
 A mix design should be evaluated with varying percentages of fly ash, and 
performed using the proposed construction materials.  Hansen and Narud concluded that 
unit weights of concrete made using recycled concrete as aggregate were within 85 to 
95% of the original concrete mixture.  It was found that air contents of freshly recycled 
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concrete were higher and varied more than air contents of fresh control mixtures [20].  
Hansen and Narud also found that air contents of recycled aggregate concrete were up to 
0.6% higher [20].  Hansen concluded that the air contents of recycled aggregate concrete 
were slightly higher and that densities can be 5 to 15% lower [18].  
 The fineness of fly ash and the improved workability of fly ash concrete make it 
naturally more difficult to develop and hold entrained air.  Also, remaining unburned 
carbon in fly ash adsorbs some of the air-entraining agent and makes it more challenging 
to develop the desired air content.  Fly ash has higher carbon naturally require higher air-
entraining agent contents.  Quality assurance and quality control testing of ash at the 
source must ensure that the fly ash used maintains a uniform carbon content loss of 
ignition to prevent unacceptable fluctuations in entrained air [21]. 
 The workability of concrete is affected by a number of factors which may include 
water content, cement type, aggregate type and size, mixture proportions, and 
temperature.  The workability of mixes with RCA concrete can be improved by limiting 
the use of recycled fine aggregate, adding fly ash as a partial cement replacement and 
using water reducing agents [5]. 
2.2.2    Hardened Concrete 
 Hardened concrete properties are those which manifest after setting.  The properties 
are directly related to the strength durability and long term performance of concrete.  
Hardened concrete properties can influence durability issues, so these are often a main 
concern.  Controlling concrete properties can help achieve the desired durability 
characteristic for concrete pavement.  Common test methods for hardened concrete 
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pavement as follows: 
 A number of studies have investigated the strengths of concrete made with RCA 
and fly ash.  Most of these studies showed reductions in strength in the range of 5 to 24% 
when using recycled aggregates [18].  Bernier, Malier, and Mazars found similar results, 
except that in the case of high-strength concrete produced from low-strength recycled 
coarse aggregates, they found that the compressive strength was 39% lower than the 
high-strength concrete produced using high- strength recycled aggregates [22].  Hansen 
and Narud concluded that the compressive strength of recycled concrete depends on the 
strength of the original concrete and it is largely controlled by a combination of the 
water-cement ratio (w/c) of the matrix concrete and the w/c ratio of the recycled concrete 
[20].  They found that RCA concrete attained approximately the same strengths as the 
concrete from which the RCA came [20].  Moreover, reports by Hansen and Narud and 
Buck concluded that higher strength concrete could be made from recycled aggregates 
from lower-strength concrete [20, 23]. 
 Concrete manufactured from both coarse and fine recycled aggregates has been 
investigated.  The majority of researchers found that the compressive strengths for 
concrete manufactured from recycled coarse and fine aggregates were lower by 15 to 
40% than the strengths of concrete made with completely naturally occurring materials. 
Rasheeduzzafar found that lowering the w/c ratio of the recycled concrete by 0.05- 0.10 
could offset the low strength and corresponding high water absorption for recycled 
concrete [24].   
 Blends of 50% natural and 50% recycled concrete sands produced strengths 10 to 
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20% less than recycled concrete made with all natural sands.  Further examination reveals 
that certain portions of the fine recycled aggregates smaller than 0.08 inch appear to 
inhibit recycled concrete performance, and bring about the majority of strength loss.  
Therefore, the use of any recycled fine aggregate in concrete production may be 
prohibited [18]. 
 On the other hand, since fly ash is pozzolanic, the addition of fly ash should 
increase concrete strength through the pozzolanic reaction [25], many researchers showed 
that the increase in compressive strength is due to the hydraulic reaction of the fly ash 
cement with the calcium hydroxide (CH) and alkalis to form an additional C-H-C bond in 
the chemical structure.  
 The Building Contractors Society of Japan (1978) investigated the change in 
modulus of elasticity of concrete made using RCAs. They reported that the reductions in 
modulus of elasticity of concrete made with recycled coarse and fine aggregates varied 
from 25 to 40%. They also reported that the reductions in modulus of elasticity of 
concrete made with recycled coarse aggregates decreased from 10 to 33% [26].  The 
modulus of elasticity of mixtures containing fly ash generally had similar or higher 
modulus of elasticity than mixtures without fly ash. 
 Various researchers have investigated the effect of recycled aggregates on flexural 
and tensile strengths.  The majority of findings indicated that concrete made from 
recycled coarse aggregates, fly ash, and natural fine aggregates has generally the same or, 
at most, a 10% reduction in tensile strength. Generally, concrete made from recycled 
coarse and fine aggregates has reductions in tensile strengths of less than 10% and a 
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maximum of 20% reduction for the worst case [18].  Durability of RCA concrete may be 
lower than durability of normal concrete, but this may be improved by using fly ash 




MATERIALS AND TEST METHODS 
 
This chapter identifies the basic materials used to produce the concrete mixtures 
with the designed properties for pavement applications.  This is an alternative to the use 
of waste materials such as RCA, and fly ash. This chapter shows the details of materials 
selection, mix proportion and mix method used for the concrete analyzed in this research. 
Also, it explains the standard method for the preparation of concrete mixtures in the 
laboratory and the standard ASTM testing methods performed in this research study.  
Two batches of concrete were produced with two different w/c ratios at 0.55, and 0.45 in 
the laboratory.  The first batch has two types of length of curing time.  Type I is for short 
length of curing time (14, 28, and 56 days).  Type II is for long length of curing time (56, 
72, and 112 days of age).  Both types contain four different concrete mixes with w/c ratio 
of 0.55 (Table 3.1).  It is identified as (1) 0.5 control mix, (2) 0.55 R-25-F0, (3) 0.55 R25-
F10, and (4) 0.55 R25-F15.  The second batch contains four different concrete mixes with 
w/c ratio of 0.45 (Table 3.1) with the same identifications as well with 0.45 water/cement 
ratio.   
 
3.1    Material Selection 
 Recycled concrete aggregate can be easily obtained from demolished structures 
which are comprised largely of broken members.  Properties of these broken concrete 
materials such as type of admixtures, aggregate origins and gradations, as well as the 
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differentiation of its properties during the performance time are often unknown, historical 
data need to be consulted.  These data were categorized into three general areas: physical 
characteristics, mechanical characteristics and environmental characteristics.  
 
 





Specimen with Portland cement and virgin aggregate at 0.5 w/c 
ratio 
0.55 R25-F0  Specimen with 25% RCA and 0% fly ash at 0.55 w/c ratio 
0.55 R25-F10 Specimen with 25% RCA and 10% fly ash at 0.55 w/c ratio 
I 
0.55 R25-F15 Specimen with 25% RCA and 15% fly ash at 0.55 w/c ratio 
0.40 Control 
Specimen with Portland cement and virgin aggregate at 0.4 w/c 
ratio 
0.45 R25-F0  Specimen with 25% RCA and 0% fly ash at 0.45 w/c ratio 
0.45 R25-F10 Specimen with 25% RCA and 10% fly ash at 0.45 w/c ratio 
II 
0.45 R25-F15 Specimen with 25% RCA and 15% fly ash at 0.45 w/c ratio 
 
 
3.2    Concrete Mix Preparations 
Selection of water/cement ratio is the most critical parameter for controlling the 
concrete strength.  Maintaining the water content for design the concrete mix is one key 
for achieving good long term performance of the concrete.  There is an excellent 
correlation between w/c ratio and compressive and flexural strength.  Hansen concluded 
that the w/c ratio is valid for recycled aggregate concrete as it is for concrete made with 
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virgin materials, but only the level of strength development would be reduced [18].  To 
produce a similar workability, Lamond, et al. found that 5% more water was required for 
a recycled coarse aggregate concrete [27].  Therefore, the w/c ratio of 0.55, and 0.45 were 
selected to design concrete mixtures containing RCA with a target of 4500psi, and 
5500psi strength respectively.  The specific gravity and water absorption of virgin 
aggregates and RCA are shown in Table 3.2, and Table 3.3, respectively.  The mix 
proportions for these mixes are shown in Table 3.4.   
 This study is concerned with investigating the feasibility of using RCA and fly 
ash in concrete for pavement applications.  The concrete mix preparation was performed 
at room temperature in a ventilated area.  The specimens’ preparation includes preparing 
mix ingredients, mixing, casting specimens, and curing.  The content of each mix 
component is determined by the weight ratio of the component to total aggregates.  
 
 
Table 3.2. Specific Gravity and Water Absorption of Virgin Aggregate [29] 
Constituents Coarse Aggregate Fine Aggregate 
Specific Gravity 2.73 2.64 
Dry Bulk Specific Gravity 2.30 2.63 
Dry Apparent Specific Gravity 2.53 2.65 
Absorption (%) 4.00 0.40 





Table 3.3. Specific Gravity and Water Absorption of RCA [30] 
 Constituents Coarse RCA Fine RCA 
Specific Gravity 2.34 2.34 
Dry Bulk Specific Gravity 2.19 2.19 
Dry Apparent Specific Gravity 2.58 2.56 
Absorption (%) 6.93 6.46 





Table 3.4. Concrete Mixes Containing RCA and Fly Ash Evaluated 























0.50 280 560 0 1765 1237 0 
0.55 280 510 0 1324 1237 441 
0.55 280 459 51 1324 1237 441 
I 
0.55 280 410 77 1324 1237 441 
0.40 280 700 0 1665 1211 0 
0.45 280 620 0 1248 1211 417 
0.45 280 558 62 1248 1211 417 
II 




3.2.1    Mix Ingredients 
 The physical properties such as density and strength of concrete are determined 
by the proportions of the three key ingredients: water, cement, and aggregate.  The type 
of cement was Portland cement Type I supplied by Guaranteed Supply Company of 
Greensboro NC [28].  Table B-1 and Table B-2 in Appendix B listed the chemical and 
physical properties of Portland cement.  It passed the ASTM C-150 and Federal 
Specification SS-C-1960/3.  Class F fly ash was approved based on ASTM C-311 and 
was supplied by Chandler Concrete of Greensboro was used as a partial cement 
replacement [29].  Table B-3 listed the chemical and physical properties of fly ash class 
F.  Sand also from Chandler Concrete Company was used as fine aggregate and coarse 
aggregate size #57 was used as coarse aggregate.  Virgin aggregate was tested to 
determine its specific gravity, water absorption gradation and abrasion loss.  The results 
of sieve analysis on virgin aggregate material are shown in Table B-4 Appendix B [29].  
RCA) was obtained from a stockpile of Recycled Material in Charlotte NC [29].  The 
RCA was soaked and tested to determine its specific gravity, water absorption gradation 
and abrasion loss.  The results of sieve analysis on RCA material are shown in Table B-5 
Appendix B [30]. 
3.2.2    Tests on Fresh Concrete 
 The recycled concrete mix was required to meet the standard specifications for 
slump, air content, and strength.  Therefore, after concrete was produced, sample of the 
mix was selected to conduct slump test, air content, unit weight, and temperature for each 
mix.  A slump test was run in accordance with ASTM C-143 [32].  The slump is a 
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measure of workability of fresh concrete.  This test is conducted immediately after the 
concrete has been made.  The average slump was over 2 in, air content was over 3 
percent, 14 day compressive strength exceeded a target of 5500 psi and 4500 psi, and 28 
day flexural strength was approximately 750 psi with water/cement ratios at 0.55 and 
0.45, respectively.  Table 3.5 and 3.6 show the details for the results of slump tests of 
Batch I and Batch II, respectively.  Figure 3.1 shows a typical determination of slump 
after mixing for each mix in this research.  A unit weight test was used to verify the 
density of concrete mixes as per the procedures of ASTM C-138 standard [33].  The 
average of unit weight was approximately 148lb/ft3 for each concrete mix (Table 3.5).  
The theoretical unit weight was calculated and compared with the laboratory unit weight 
to determine whether the mix was properly batched.  In Table 3.5 and 3.6, a temperature 
reading was taken for Batch I and Batch II in accordance with the ASTM C-1064 
procedure to measure the temperature of freshly mixed concrete which was found around 
80~850F for Batch I and Batch II, respectively [34].   
 
Table 3.5.  Properties of Fresh Concrete Batch I 








0.40 control mix 2.75 149.5 1.25 85 
0.45 R25-F0 2.50 148.5 1.50 82 
0.45 R25-F10 2.50 149.0 1.25 84 
I 




Table 3.6.  Properties of Fresh Concrete Batch II 





0.50 control mix 2.50 148.0 1.50 82 
0.55 R25-F0 2.75 149.0 1.25 80 
0.55 R25-F10 2.50 149.5 1.25 81 
II 












3.2.3    Casting and Curing of Concrete Specimens 
A total of each batches were prepared, quantity was enough to make nine 
cylinders (4 in. x8 in.), and four beams (6 in. × 6 in. ×21 in.).  In this study, twelve mixes 
of each batch were produced in the laboratory. The first batch mix is for two types of cure 
duration testing with w/c ratio at 0.55.  The first type is for short length of curing time 
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(14, 28, and 56 days of age), and the second type is for long length of curing time (56, 72, 
and 112 days of age).  The second batch mix is for long length of curing time (56, 72, and 
112 days of age) with w/c ratio at 0.45.  Table 3.1, and 3.2 show details of the 
identifications of Batch I and Batch II, respectively.  Table 3.4 shows the details of 
concrete mixtures containing RCA and fly ash evaluated for two batch mixtures with w/c 
ratio 0.55, and 0.45 of each concrete batch in this study. 
The experiments require that the RCA must be washed in order to evaluate the 
water absorption for proper water/cement ratio determination [15].  Materials such as 
aggregates and sand must go through a sieve analysis in order to have the required 
particles’ grade size according to the desired texture design.  The initial quantity 
measurements for each material must be taken for the specific mix design either by 
volume or by weight (this study adopted the weight method). 
 The following steps were used to produce concrete in the laboratory.  First of all, 
fill buckets with virgin coarse aggregates, and fine aggregates required for the mix.  Soak 
the coarse aggregates and RCA material for at least 48 hours and remove it from the 
water for at least 45 minutes before weighing as wet weight.  Dry the RCA for at least 24 
hours in an oven at 1300F, then let it cool for another 24 hours.  Based on the mix design, 
batch the virgin coarse aggregate, virgin fine aggregate, coarse RCA, cement, fly ash and 
water using a weighing scale.  Place the coarse aggregate, fine aggregate, and coarse 
RCA in wheel barrel ready to mix.  Run the mixer for 30 seconds.  Add more than half of 
the mixing water and mix it for 1 minute.  Place cement and mix it for 3 minutes, 
followed by a 2-minute rest, followed by a 3-minute mixing [31]. 
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 This process includes the rubber, 4 in. x8 in. mold.  Nine molds were prepared for 
one mix.  Place concrete in molds such that they are half filled.  Place the molds on a 
vibrating table and vibrate for 45 seconds.  Then fill the molds completely while 
vibrating them for another 45 seconds.  Finish the concrete surface with a hand trowel.  
Cover the concrete with plastic bags.  Remove the samples from the molds after 24 hours 
and place them in a water tank to cure them to the required age for testing [31].  Figure 
3.2, and Figure 3.3 show cylinders on the vibration table, and covered with plastic bags 




    




       
    Figure 3.3. Cylinders Covered with Plastic Bags 




 For the flexural beams, this process includes steel, 6 in. x6 in. x21 in. molds.  Four 
molds were prepared for one mix.  Place concrete in molds such that the molds are half 
fill.  The concrete was settled into the molds by vibrating with a hand held vibrator for 
about 45 seconds.  Fill up half of the steel molds with the concrete.  Finish the concrete 
surface with a hand trowel.  Cover the concrete with polythene sheets.  Remove the 
samples from the molds after 24 hours and place them in a water tank to cure as above 
with the cylinders.  Figure 3.4 and Figure 3.5 show the finishing beams specimens, and 
curing beams in progress of this study.  Let specimens cure in the water tank as long as 
the length of testing time due. 
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EXPERIMENTAL SETUP AND TEST RESULTS  
 
4.1     Experimental Setup 
 This chapter describes the experimental setup for testing the compressive 
strength, modulus of elasticity, and flexural strength used in this study.  A combined total 
of twelve mixes of 108 cylindrical specimens for compressive strength, and modulus of 
elasticity tests; and 48 beams were prepared for flexural strength testing in this study.  
4.1.1    Compressive Strength 
 The compressive strength test is a routine test to evaluate another mechanical 
property of concrete.  The test results can be used as a basis for quality control of 
concrete.  The standard ASTM C-39 test procedure was followed in running the 
compressive strength on the 4 in. ×8 in. cylindrical specimens [35].  The ends of the 
specimens were capped before testing to ensure even loading during testing.  The 
diameter of each specimen was taken before placing it in a Forney material testing system 
as shown in Figure 4.1. The testing machine is hydraulically controlled with a maximum 
capacity of 400kips.  The load was applied to the specimen at a loading rate of 10 to 15 
psi/second until complete failure occurred.  The outputs of the load cell from the testing 
machine were connected to a data acquisition system, which records the data during the 
test.  The maximum load is recorded and the compressive stress computed by dividing 
the maximum load by the cross sectional area of the specimen.  The type of fracture for 
each cylinder was also recorded during the testing.  Figure 4.2 shows the failure type of 
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(a) control mix with 0.5 w/c ratio, and (b) concrete mix containing RCA and fly ash with 
0.55 w/c.  The picture shows no difference of fracture type between of concrete control 
mix and concrete mix containing RCA and fly ash. 
 Nine cylinders for each concrete mixture were batched in the laboratory.  Four 
different mixtures were prepared for each case of w/c ratio.  Two w/c ratios of 0.55 and 
0.45 were used.  The cylinders were made in accordance with ASTM standards and wet 
cured for the proper duration.  Three cylinders from each mixture were tested for 
compressive strength at 14 days, three for 28 days, and three specimens for 56 days of 
Type I, and 56, 72, 112 days for Type II with a w/c ratio of 0.55 for the first batch; 56, 
72, and 112 days with a w/c ratio 0.45 of second batch.  The average compressive 
strength for these cylinders is listed in Test Results section for Batch I-Type I, Batch I-
Type II, and Batch II.   
4.1.2    Elastic Modulus  
 Calibration of the linear variable displacement transformer (LVDT) gage that 
holds linear variable differential transformer is required.  The gage is mounted to the test 
specimen at two points between which displacement is to be measured.  At one point, 
contact with the specimen is by means of adjusting screws.  At the other point, contact is 
through a dimple leaf spring.  A linear variable displacement transformer (LVDT) is 
mounted next to the spring with its axis parallel to the line of measurement and its core 
rod attached in the dimple of the leaf spring.  Calibration of the LVDT to ensure it is 
working properly is necessary because any change in the length of the line between 




















             
                               (a)                                                                     (b) 
     Figure 4.2. Fractured Cylinders with Cone Type Failures: (a) Control Mix, (b)  




 The standard ASTM C-469 test procedure was followed in running the elastic 
modulus test on the 4 in. × 8 in. cylindrical specimens [36].  The ends of the specimen 
were capped as usual before testing to ensure even loading during the test.  Two 5-inch 
displacement gages, held by four springs were mounted on the sides of the specimen. The 
outputs of the displacement gages and the load cell from the testing machine were 
connected to a data acquisition system, which records the data during the test.  The 
specimen was placed in the Forney material testing machine as shown in Figure 4.3.  
Load was applied to the specimen at a loading rate of 10 to 15 psi/s until 40% of the 
maximum compressive load was obtained.  The cylinders for the modulus of elasticity 
test were cycled to 40%, three times.  The data from the first load cycle on each specimen 
were disregarded.  The average value from the last two times was recorded as the elastic 
modulus of the concrete.  The average lateral displacement reading was also used to 
calculate the strain, and the reading from the load cell was used to calculate the stress 
during testing. 
 Before performing the compressive strength test, two of three concrete cylinders 
used to perform compressive strength test were evaluated in the elastic modulus test. 
Prior to the test for modulus of elasticity, one of the three concrete cylinders was first 
broken to determine the compressive strength of this particular concrete mix in 
accordance with the ASTM C39 standard.  Then, 40% of the ultimate compressive 
strength of the concrete specimen was applied on the concrete cylinders to perform the 
elastic modulus test.   
 The samples from each batch were tested for modulus of elasticity at 14, 28, and 56 
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days for Batch I-Type I, and at 56, 72, and 112 days for Batch I-Type II; at 56, 72, and 
112 for Batch II in accordance with ASTM-C-469. The details of specimens tested for 
modulus of elasticity are listed in Appendix C and the modulus of elasticity was 
calculated as follows 
 
where                                                        
E = Chord Modulus of Elasticity, psi  
S2 = Stress in psi corresponding to 40% of ultimate load 
S1 = Stress in psi corresponding to a longitudinal strain, of 0.000050 
ε = Longitudinal strain produced by stress S2 
The results of the modulus of electricity test are presented in Test Results section 
for Batch I-Type I, Batch I-Type II, and Batch II.  These results are also presented in 
graphical form as well.  
Estimating the Modulus of Elasticity:  The modulus of elasticity of concrete Ec 
adopted and modified by ACI Code can be calculated from the 28 day compressive 
strength for normal concrete by the following: 
 
where  
Ec : Modulus of elasticity of concrete, psi 
f’c : 28 days compressive strength of concrete, psi 
wc : normal weight of concrete, lb/ft3 
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4.1.3    Flexural Strength 
 Two beams of each batch mixtures were tested at 28 day, 56 days with w/c ratio 
0.55 for Batch I-Type I, at 28, 56 days for Batch I-Type II, and at 72, 112 days with w/c 
ratio 0.45 for Batch II.  Before each beam is placed in the testing machine, draw a 
reference line on the top and bottom of the beam, as cast, about 1.5 in from each end of 
the specimen.  The two reference lines should be exactly opposite to each other.  A line 
drawn across the bottom of the beam when placed in the machine, will meet these two 
lines, and will be perpendicular to them (see Figure 4.4 below).  The bottom of the beam 
as placed in the machine will be the side of the beam as cast.  Figure 4.4 shows the beam 
in testing progress.  The flexural strength test was run in accordance with ASTM C78 on 
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6 in.× 6 in.×20 in. beam specimens for each length of curing time and the average 
strength was computed [37].  Before testing, the two loading surfaces were ground even 
with a stone to ensure that the applied load was uniform.  The specimens were measured 
after the test as follows: take three measurements across each dimension, one at each 
edge and one at the center of the specimen at the section of failure.  The measurements 
were rounded to the nearest 0.05 in.  These measurements were used to determine the 
average width, average depth, and line of fracture location.  The flexural strength was 
calculated, according to the type of fracture of the beam, as follows: 
1.  If the fracture initiates in the tension surface within the middle third of the span 
length, calculate the modulus of rupture as follows 
                                                     
where 
R = modulus of rupture, psi 
    P = maximum applied load indicated by the testing machine, lbf  
            L = span length, in,  
            b = average depth of specimen, in, at the fracture, and  
            d = average depth of specimen, in, at the fracture. 
2.  If the fracture occurs in the tension surface outside of the middle third of the span  
     length by not more than 5% of the span length, calculate the modulus of rupture as 




  where  
  R = modulus of rupture in psi  
  P = maximum applied load indicated by the testing machine in lbf  
  a = average distance between line of fracture and the nearest support measured on 
          the tension surface of the beam, in.  
  b = average depth of specimen, in, at the fracture, and  
          d = average depth of specimen, in, at the fracture. 
3.  If the fracture occurs in the tension surface outside of the middle third span length  
     by more than 5% of the span length, discard the results of the test. 
Predicting the flexural strength:  the flexural strength of concrete fr adopted and 
modified by ACI Code can be calculated for normal concrete by the following formula: 
 




                              
                            Figure 4.4. Flexural Strength Test in Progress 
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4.2    Test Results 
 
 This section presents the results of the compressive strength, modulus of elasticity, 
and flexural strength of concrete on the four different concrete mixtures of each batch 
evaluated in this study.  The results of the tests have been tabulated below in tables for 
convenience. 
4.2.1    Compressive Strength  
 The average compressive strengths of nine concrete mixtures at various curing 
periods after 14, 28, and 56 days of Batch I-Type I are presented in Tables 4-1; and 56, 
72, and 112 days of Batch I-Type II are presented in Table 4.2; 56, 72, 112 days of Batch 
II are presented in Table 4.3.  The individual compressive strength values are shown in 
Appendix C.  Figure 4.5 and Figure 4.6 show the compressive strength progression for all 
specimens of Batch I, and II.  It can be seen that these fly ash mixes continue to increase 
in compressive strength up to 112 days.   
 For Batch I-Type I, all three mixes containing RCA with or without fly ash at 0.55 
water/cement ratio is slightly lower in compressive strength at 14 and 28 days compared 
with the control mix.  At 56 days, mix ID 0.55 R25-F0 with 0.55 w/c ratio, still is slightly 
lower compared with the control mix.  However, the following two mixes: ID 0.55 R25-
F10, and 0.55 R25-F15 is higher in compressive strength, and have a compressive 
strength of about 5200 psi which is higher than the control mix.  The Table 4.1 indicates 
that the strength of all specimens is increasing with length of curing time for the three 
mixtures tested, and is applicable to the control specimens of Batch I-Type I.  Figure 4.5 











Figure 4.5. Average Compressive Strength Batch I- 






















Length of Curing Time (Days) 
0.50 Control T-I) 
0.55 R25-F0 (T-I) 
0.55 R25-F10 (T-I) 
0.55 R25-F15 (T-I) 
0.50 Control (T-II) 
0.55 R25-F0 (T-II) 
0.55 R25-F10 (T-II) 
0.55 R25-F15 (T-II) 
Length of Curing (days) 











0.50 Control (T-I) 4520 4836 5122 
0.55 R25-F0 (T-I) 4443 4711 5089 
0.55 R25-F10 (T-I) 4480 4789 5195 
I 
0.55 R25-F15 (T-I) 4344 4790 5203 
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 Similarly for all specimens of Batch I-Type II, mix ID 0.55 R25-F0 has the same 
compressive strength after 56 days.  However, the two mixes ID: 0.55 R25-F10 and 0.55 
R25-F15 continue gaining compressive strength up to a length of curing time of 112 days 
and have the same compressive strength compared with the control mix.  The data in 
Table 4.2 indicates details of the results of Batch I-Type II. 
  
Table 4.2. Average Compressive Strength Test Results Batch I-Type II 
Length of Curing (days) 











0.50 Control (T-II) 5178 5180 5190 
0.55 R25-F0 (T-II) 5025 5030 5046 
0.55 R25-F10 (T-II) 5053 5085 5190 
I 
0.55 R25-F15 (T-II) 5068 5096 5193 
 
 
 Batch II, mix ID 0.45 R25-F0 with 0.45 water/cement ratio, has a compressive 
strength failure of about 5600 psi for all ages of curing.  The other two mixes ID: 0.45 
R25-F10, and 0.45 R25-F15 with 0.45 have compressive strength continuing to grow 
from 5500psi to 5800 psi, and from 5600 psi to 5900 psi, after 56 days to 112 days, 
respectively.  Table 4.3 shows the failure of compressive strength of Batch II, and Figure 
4.6 shows the strength increasing with concrete mixing containing fly ash of Batch II. 
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Length of Curing (days) 











0.40 Control 5725 5800 5980 
0.45 R25-F0 5616 5646 5654 
0.45 R25-F10 5676 5763 5890 
II 
0.45 R25-F15 5668 5970 5998 
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4.2.2    Modulus of Elasticity 
 
 The average elastic modulus at various curing periods of different concrete mixes 
are presented in Table 4.4 for Batch I-Type I, Table 4.5 for Batch I-Type II, and Table 
4.6 for Batch II.  The individual elastic modulus values are shown in Appendix C. 
 The results shown in Table 4.4, Table 4.5, and Table 4.6 indicate that the elastic 
moduli did not significantly change with time for the four concrete mixes of two batches.  
Figure 4.7, Figure 4.8, and Figure 4.9 show the measured values of elastic modulus of 
Batch I-Type I, Batch I-Type II, and Batch II, respectively.  According to ACI Code 318, 
the experimental measured values of elastic modulus of all concrete mixes have lower 
values than the estimated values based on ACI relation of all concrete mixture.  This can 
be seen in Table 4.4, Table 4.5, and Table 4.6 as well.  Figures 4.10, 4.11, and 4.12 show 
the comparision between experimental values and estimated values of elastic moduli for 
Batch I-Type I, Batch I-Type II, and Batch II, respectively. 
 
Table 4.4. Average Modulus of Elasticity Test Results Batch I-Type I 










Batch ID of Specimens 
M. V E.V M. V E.V M. V E.V 
0.50 Control 4.02 4.08 4.02 4.22 4.02 4.34 
0.55 R25-F0 3.86 4.00 4.02 4.12 4.02 4.28 
0.55 R25-F10 3.86 4.02 4.00 4.15 4.00 4.33 
I 
0.55 R25-F15 3.89 3.96 4.00 4.15 4.00 4.33 




Table 4.5. Average Modulus of Elasticity Test Results Batch I-Type II 










Batch ID of Specimens 
M. V E.V M. V E.V M. V E.V 
0.50 Control 4.10 4.36 4.05 4.36 4.09 4.37 
0.55 R25-F0 4.02 4.26 4.06 4.25 4.20 4.26 
0.55 R25-F10 4.20 4.27 4.10 4.28 4.10 4.32 
I 





Table 4.6. Average Modulus of Elasticity Test Results Batch II 
 










Batch ID of Specimens 
M. V E.V M. V E.V M. V E.V 
0.40 Control 4.20 4.59 4.20 4.62 4.20 4.69 
0.45 R25-F0 4.01 4.54 4.02 4.55 4.02 4.56 
0.45 R25-F10 4.01 4.54 4.02 4.58 4.10 4.65 
II 




Figure 4.7. Average Measured Values of Modulus of 




              
Figure 4.8. Average Measured Values of Modulus of 
























































Figure 4.9. Average Measured Values of Modulus of                                                    







Figure 4.10. Estimated Values vs. Measured Values of 




























































Figure 4.11. Estimated Values vs. Measured Values of 





Figure 4.12. Estimated Values vs. Measured Values of  































































4.2.3.    Flexural Strength 
 
 The results for average flexural strength at various length of curing times of 
different concrete mixtures are tabulated in Table 4.7, Table 4.8, and Table 4.9, for Batch 
I-Type I, Batch I-Type II, and Batch II, respectively.  The individual flexural strength 
values are shown in Appendix D for four mixtures of two batches. 
 In Table 4.7 for Batch I-Type I, after 28 days of curing, all concrete mixtures in the 
batch have a flexural strength slightly lower than that of the control mix.  At 56 days all 
concrete mixtures in the batch have a slightly higher value of flexural strength compared 
to the control mix.   
 
 
Table 4.7. Average Flexural Strength Test Results Batch I-Type I 
Length of Curing (days)  
28 56 








 (psi)  
 
0.50 Control 725 521 768 536 
0.55 R25-F0 707 514 763 535 
0.55 R25-F10 718 519 779 540 
I 





 In Table 4.8 for Batch I-Type II, at 72 and 112 days concrete mix ID 0.55 R25-F0 
is lower in flexural strength than the control, but concrete mixtures of ID 0.55 R25-F10, 
and 0.55 R25-F15, have almost the same flexural strength as the control mix.  This 
indicates that a concrete mix containing fly ash increases in flexural strength with 
increasing curing time. 
 
 
Table 4.8. Average Flexural Strength Test Results Batch I-Type II 
Length of Curing (days)  
72 112 Batch  ID of 
Specimens   Flexural 
Strength 




 (psi)  
 
0.50 Control 755 540 778 540 
0.55 R25-F0 743 532 757 533 
0.55 R25-F10 761 535 784 541 
I 





  Similarly, in Table 4-9 for Batch II, after 72 days of curing, the concrete mixture 
with ID 0.45 R25-F0, retains a constant strength above 750psi in flexural strength up to 
112 days of curing time, and is slightly lower values than the control mix.  The other two 
mixes with ID: 0.45 R25-F10 and 0.45 R25-F15 slightly increase the flexural strength up 
to 112 days of curing time, and have values approximately the same as the control mix. 
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  All specimens of all length of curing times have higher flexural strength than 
estimated values based on equation of ACI Code.  Therefore, the use of RCA and fly ash 
in concrete mix is benefits for sustainable and environmental concern. 
 
 
Table 4.9. Average Flexural Strength Test Results Batch II 
Length of Curing Time (days)  
72 112 
Batch  ID of 
Specimens   Flexural 
Strength 




 (psi)  
 
0.40 Control 802 571 825 580 
0.45 R25-F0 759 564 775 564 
0.45 R25-F10 784 570 790 576 
II 








 This chapter presents the analysis of the results of compressive strength, elastic 
modulus, and flexural strength on the total of eight concrete mixtures of two batches 
evaluated in this study.   The relationship between these mechanical properties of RCA 
and fly ash were also evaluated and presented in this chapter. 
 
5.1    Effects of RCA and Fly Ash on Compressive Strength 
 Batch I-Type I, at a fixed 0.55 water/cement ratio and a length of curing time of 14 
days, the compressive strength is lower by 1.7%, 0.8%, and 4.1% respectively for the 
three concrete mixes: ID 0.55 R25-F0, 0.55 R25-F10, and 0.55 R25-F15 as compared 
with the 0.5 control mix.  At 28 days, the compressive strength is lower by 2.6%, 0.9%, 
and 0.9% respectively for the concrete mixes: ID 0.55 R25-F0, 0.55 R25-F10, and 0.55 
R25-F15, as compared with the 0.5 control mix.  At 56 days, the compressive strength is 
lower by 0.6% with concrete mix ID 0.55 R25-F0, it increases by 1.4% with concrete mix 
ID 0.55 R25-F10, and 1.5% with concrete mix ID 0.55 R25-F15 as compared to the 0.5 
control mix.  The analysis shown in Figure 5.1 shows a comparison of compressive 
strength of four concrete mixes Batch I-Type I.  The diagram indicates that three concrete 
mixtures with ID: 0.55 R25-F0, 0.55 R25-F10 and 0.55 R25-F15 have lower strength at 
14, and 28 days of age, as compared to the 0.5 control mix, but concrete mixes with ID 
0.55 R25-F10, 0.55 R25-F15 started increasing in compressive strength at 56 days.  This 
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shows that concrete mixes containing fly ash increase in compressive strength above that 
of the control mix with length of curing times of 56 days or more.    
 
 
Figure 5.1. Effects of RCA and Fly Ash on Compressive                                         




 Batch I-Type II, at fixed 0.55 water/cement ratio, a length of curing time of 56 
days, the compressive strength is lower by 2.9%, 2.4%, and 2.2% respectively for the 
concrete mixes with ID: 0.55 R25-F0, 0.55 R25-F10, and 0.55 R24-F15 as compared 
with the 0.5 control mix.  At 72 days, the compressive strength lower by 3%, 1.8%, and 
1.6% for concrete mixes with ID 0.55 R25-F0, 0.55 R25-F10, and 0.55 R24-F15 


































strength is lower by 2.8% with concrete mix ID 0.55 R25-F0; higher 0.01% with concrete 
mix ID 0.55 R25-F10; and 0.07% with concrete mix ID 0.55 R25-F15 compare with 0.5 
control mix.  Analysis shown in Figure 5.2 shows a comparison of compressive strength 
of four concrete mixes Batch I-Type II.  The diagram indicates that three concrete mixes 
with ID 0.55 R25-F0, 0.55 R25-F10, and 0.55 R25-F15 had slightly lower the strength 
failures at 56, and 72 days of age, as compared to the 0.5 control mix, but concrete mixes 
with ID 0.55 R25-F10, 0.55 R25-F15 started increasing compressive strength at 112 days.  
This shows that concrete mixes containing fly ash increasing compressive strength at 
longer time of age.  Over all concrete mixes of Batch I-Type II are more comparable with 
control mixes at long curing of time. 
 
 
Figure 5.2. Effects of RCA and Fly Ash on Compressive  



































Figure 5.3. Effects of RCA and Fly Ash on Compressive 
                                            Strength Batch II 
 
 
 Similarly, Figure 5.3 for Batch II, at fixed 0.45 water/cement ratio, a length of 
curing time of 56 days, the compressive strength is lower by 1.9%, 0.8%, and 1.4% 
respectively for the three concrete mixes: ID 0.45 R25-F0, 0.45 R25-F10, and 0.45 R25-
F15 as compared with the 0.4 control mix.  At 72 days length of curing time, the 
compressive strength is lower by 2.7%, 0.6%, and 0.2% respectively for the three 
concrete mixes: ID 0.45 R25-F0, 0.45 R25-F10, and 0.45 R25-F15.  At 112 days of 
length of curing time, the compressive strength is lower by 5.6%, 0.8%, and 0.3% 
respectively for the two concrete mixes: ID 0.45 R25-F0, 0.45 R25-F10, respectively; is 
higher by 0.3% for the concrete mix ID 0.45 R25-F15 as compare with the 0.4 control 


































mixes in Batch II.  The diagram also indicates that the strength of the concrete mixes with 
ID: 0.45 R25-F0 have almost the same strength at all ages of length of length of curing 
time, and have an ultimate compressive strength around 5500psi.  The other two mixes of 
Batch II with ID: 0.45 R25-F10 and 0.45 R25-F15, have similar ultimate strengths, and 
continue increasing in strength with the length of curing time.  Comparing these strengths 
with those of the control specimens, it can be seen that concrete mixes containing fly ash 
in Batch II, have a higher strength than concrete mixes without fly ash especially as the 
length of curing time increases beyond 112 days. 
 
5.2    Effects of RCA and Fly Ash on Modulus of Elasticity 
 Figures 5.4 - 5.6 present the results of the elastic modulus test.  At short length of 
curing times, it can be seen no significant change exist in the elastic modulus of concrete 
in the concrete mixes containing RCA and varying amounts of fly ash.   
 Batch I-Type I, at a fixed 0.55 water/cement ratio and a length curing time of 14 
days, the elastic modulus is lower by 4.1%, 4.1%, and 3.3% respectively for the three 
concrete mixes: ID 0.55 R25-F0, 0.55 R25-F10, and 0.55 R25-F15 as compared with the 
0.5 control mix.  At 28, and 56 days, the elastic modulus remains unchanged for concrete 
mixture ID 0.55 R25-F0, and is lower by 0.5% for the two concrete mixes: ID 0.55 R25-
F10, and 0.55 R25-F15 respectively as compared with the 0.5 control mix.  This shows 
that concrete mixes containing 10% and 15% fly ash exhibit a decrease in elastic modulus 
of 0.5% when compared with concrete mixes containing RCA only for shorter length of 
curing times. The analysis shown in Figure 5.4 gives a comparison of the elastic modulus 
51 
 
of the four concrete mixes of Batch I-Type I.  The diagram indicates that three concrete 
mixes with ID: 0.55 R25-F0, 0.55 R25-F10 and 0.55 R25-F15 have a lower elastic 
modulus at 14 days when compared to the 0.5 control mix.  At 28 and 56 days, concrete 
mixes containing only RCA have the same elastic modulus.  Concrete mixes containing 
10% and 15% fly ash have a slightly lower elastic modulus as compared with the 0.5 
control mix.  
 
Figure 5.4. Effects of RCA and Fly Ash on Modulus of 




 Batch I-Type II, at a fixed 0.55 water/cement ratio and a length of curing time of 56 
days, the elastic modulus is the same as concrete mixes ID: 0.55 R25-F0, and is lower by 


































the 0.5 control mix.  At 72, and 112 days, the elastic modulus is the same as concrete 
mixes ID 0.55 R25-F0, and is lower by 0.2% for concrete mixes with ID 0.55 R25-F10, 
and 0.55 R25-F15 as compared with the 0.5 control mix. The analysis shown in Figure 
5.5 shows a comparison of elastic modulus for the four concrete mixes of Batch I-Type 
II.  The diagram indicates that three concrete mixes with ID 0.55 R25-F0 have the same 
elastic modulus after 56 days of the length of curing time. The concrete mixes with ID 
0.55 R25-F10, 0.55 R25-F15 had slightly lower values for elastic modulus after 56 days 




 Figure 5.5. Effects of RCA and Fly Ash on Modulus of 
                                             Elasticity Batch I-Type II 
 
 Similarly, Batch II, with fixed 0.45 water/cement ratio and a length of curing time 


























with the 0.4 w/c ratio.  At 72 days, the elastic modulus is lower by 4.4% for three 
concrete mixes with ID 0.45 R25-F0, 0.45 R25-F10, and 0.45 R24-F15 as compared with 
the 0.4 control mix.  At 112 days, the elastic modulus is lower by 4.4%, 2.4% and 2.4% 
respectively for concrete mixes with ID 0.45 R25-F0, 0.45 R25-F10, and 0.45 R25-F15 
as compared with the 0.4 w/c control mix.  This shows that concrete mixes containing 
10% and 15% fly ash exhibit a gain in the elastic modulus of 2% as compared with 
concrete mixes only containing RCA with longer length of curing times. The analysis 
shown in Figure 5.6 shows a comparison of elastic modulus for the four concrete mixes 
of Batch II. 
 
Figure 5.6. Effects of RCA and Fly Ash on Modulus of 































5.3    Effects of RCA and Fly Ash on Flexural Strength 
 
 Figures 5.7 - 5.9 present the analysis of the flexural strength tests.  They show no 
significant change in the flexural strength in concrete with RCA and fly ash added but 
strength slightly increases with the percentage of fly ash. 
 Batch I-Type I, with a fixed 0.55 water/cement ratio and a length of curing time of 
28 days, the flexural strength is lower by 2.6%, 0.9%, and 0.9% respectively for the three 
concrete mixes: ID 0.55 R25-F0, 0.55 R25-F10 and R25-F15 as compared with the 0.5 
control mix.  This shows that concrete mixes containing 10% and 15% fly ash gain in 
flexural strength by 1.7% as compared with concrete mixes only containing RCA at long 
length of curing times.  At 56 days, the flexural strength is lower by 0.6% for concrete 
mix ID 0.55 R25-F0, and greater by 1.4% and 1.8% for the concrete mixes with ID: 0.55 
R25-F10 and 0.55 R25-F15 respectively when compared with the 0.5 control mix.  This 
shows that concrete mixes with ID 0.55 R25-F10 and 0.55 R25-F15 have gains in 
flexural strength of 2% and 2.4% respectively compared with concrete mixes containing 
RCA only.  Figure 5.7 is a comparison of the flexural strength of the four concrete mixes 
of Batch I-Type I.  The diagram indicates that the three concrete mixtures with ID: 0.55 
R25-F0, 0.55 R25-F10 and 0.55 R25-F15 are slightly lower in flexural strength at 28 
days of length of curing time compared to the 0.5 control mix.  At 56 days the concrete 
mixes containing RCA have the same flexural strength as compared with 0.5 control mix, 
and concrete mixes with ID 0.55 R25-F10 and 0.55 R25-F15 have slightly higher flexural 
strengths compared to the 0.5 control mix.  Therefore, it is a good benefit for the use of 




Figure 5.7. Effects of RCA and Fly Ash on Flexural 
                                                Strength Batch I-Type I 
 
 
 Similarly, Batch I-Type II, at a length of curing time of 72 days, the flexural 
strength is lower by 1.6% for concrete mix with ID 0.55 R25-F0 as compared with the 
0.5 control mix.  Flexural strength is greater by 0.7% and 1.6% respectively for concrete 
mix with ID 0.55 R25-F10 and 0.55 R25-F15 as compared to the 0.5 control mix. This 
shows that concrete mixes with ID: 0.55 R25-F10 and 0.55 R25-F15 both gain in flexural 
strength by % 2.3% and 3.2% respectively as compared to concrete mixes containing 
only RCA at long length of curing times.  At 112 days, the flexural strength is lower by 
2.8% for concrete mixture with ID 0.55 R25-F0, and greater by 0.6%, and 0.07% 
respectively for concrete mixes with ID: 0.55 R25-F10 and 0.55 R25-F15 as compared 
with the 0.5 control mix. This shows that concrete mixes with ID: 0.55 R25-F10 and 0.55 






























concrete mixes containing only RCA with long length of curing time.  Analysis shown in 
Figure 5.8 shows a comparison of the flexural strength of the four concrete mixes of 
Batch I-Type II.  The diagram indicates that the concrete mixes with ID 0.55 R25-F0, 
0.55 R25-F10, and 0.55 R25-F15 have slightly lower the flexural strength at 72 days of 
length of curing time.  The concrete mix with ID 0.55 R25-F0 has a lower flexural 
strength, but concrete mixes with ID: 0.55 R25-F10 and 0.55 R25-F15 have slightly 
higher values of flexural strength at 112 days of age, as compared to the 0.5 control mix. 
To summarize the above analysis, it has been shown repeatedly that concrete mixes 





Figure 5.8. Effects of RCA and Fly Ash on Flexural 




 Batch II, at a length curing time of 72 days in Figure 5.9, the flexural strength is 






























0.45 R25-F10, and 0.45 R25-F15 as compared with the 0.4 control mix. This shows that 
concrete mixes containing 10% and 15% fly ash exhibit a gain in the flexural strength of 
3.5%, and 2.8% as compared with concrete mixes containing only RCA at longer length 
of curing times.  At 112 days, the flexural strength is lower by 6.4%, 4.4%, and 4.5% 
respectively for the three concrete mixes with ID 0.45 R25-F0, 0.45 R25-F10, and 0.45 
R25-F15 as compared with the 0.4 control mix.  This shows that concrete mixes 
containing 10% and 15% FA show gains in flexural strength of 2% and 1.9% respectively 







Figure 5.9. Effects of RCA and Fly Ash on Flexural  
































CONCLUSIONS AND FUTURE WORK 
 
6.1    Conclusions 
 This purpose of this study was to evaluate the feasibility of using concrete 
containing Recycled Concrete Aggregate (RCA) and fly Ash (FA) for use in low-
modulus concrete pavement applications.  Results of the laboratory testing program 
indicate that the compressive strength was the same after 72 days of length of curing time 
for the two different concrete mixes containing RCA with 10%, and 15% fly ash compare 
with control mix at water/cement ratios 0.5, and 0.4.  The elastic modulus slightly 
decreases for all three different concrete mixes containing RCA and fly ash of two 
batches at 14, 28 days.  At 56 days concrete mixes containing RCA have the same value 
of elastic modulus as the control mixes in the two batches.  At 112 days of curing 
duration, the elastic modulus is slightly lower for concrete mixes containing RCA and fly 
ash of Batch II, and has the same elastic modulus for concrete mixes containing RCA and 
fly ash of Batch I-Type II.  The flexural strength slightly decreases for all concrete mixes 
of the two batches before 56 days of length of curing time.  The flexural strength is still 
lower after 56 days up to 112 days of length of curing time for concrete mixes containing 
RCA of Batch I, and concrete mixes containing RCA and fly ash of Batch II as compared 
to the control mix in the two batches.  However, the flexural strength increases after 72 
days of length of curing time for concrete mixes containing RCA and fly ash in Batch I, 
and has the same value of flexural strength as the control in Batch I. 
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After analysis, it has been determined that the concretes containing RCA and fly 
ash have the same strength after 112 days of length of curing time as the control mix at 
0.5 and 0.4 water/cement ratio.  With the use of RCA up to 25%, and fly ash up to 15%, 
there will not be a significant difference (if any) in strength compared with concrete 
containing virgin aggregate and Type I, Portland cement.  Thus the main advantages of 
using RCA and fly ash are the economical and environmental benefit. 
 
 6.2    Recommendations for Future Work   
      The results of this limited laboratory testing program are that the use of RCA as 
aggregate replacement, and fly ash as cementitious replacement in concrete pavement 
appears not only to be viable but extremely resourceful as well.  It is thus recommended 
that further research be conducted in this area to further validate this finding.  The future 
work to be done should involve the following at minimum: (1)  A full factorial 
experiment to investigate the potential performance of the various concrete mixes using 
finite element analysis where the maximum stresses in typical concrete pavement under 
critical temperature and load conditions would be determined using the measured 
properties.  The results of these analysises can then be used to develop a method for 
optimizing a concrete mix design that incorporates RCA and fly ash.  (2) To conduct 
accelerated pavement testing on concrete pavement slabs made with concrete containing 
RCA and fly ash to evaluate the actual field performance of these concrete mixes.  (3) To 
perform a computer X-ray tomography on the RCA and fly ash to assess the degree of 
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5.5 11.0 0.0 25.5 38.7 0.0 
Mix II-0.55 
R25-F0 
6.0 11.0 0.0 25.5 29.0 9.7 
Mix III-0.55 
R25-F10 
6.0 9.9 1.1 25.5 29.0 9.7 
Mix IV- 0.55 
R25-F15 

































18.5 37.0 0.0 88 135 0.0 
Mix II-0.55 
R25-F0 
20.0 37.0 0.0 88 102 33.0 
Mix III-0.55 
R25-F10 
20.0 33.3 3.7 88 102 33.0 
Mix IV- 0.55 
R25-F15 
























5.8 14.5 0.0 24.5 37.5 0.0 
Mix II-0.55 
R25-F0 
6.0 14.5 0.0 24.5 28.0 9.5 
Mix III-0.55 
R25-F10 
6.0 13.0 1.5 24.5 28.0 9.5 
Mix IV- 0.55 
R25-F15 

























20.0 50.5 0.0 85 131 0.0 
Mix II-0.55 
R25-F0 
22.7 50.5 0.0 85 98 33.0 
Mix III-0.55 
R25-F10 
22.7 45.5 5.0 85 98 33.0 
Mix IV- 0.55 
R25-F15 






PHYSICAL AND CHEMICAL PROPERTIES OF TABLE OF MATERIALS  
 





                          Percent (%) 
Alumium Oxid 4.90 
Ferric Oxide 3.45 
Magnesium Oxide 0.70 
Surfur Dioxide 2.70 
Tricalcium Aluminate 6.00 
Tricalcium Silicate 62.32 
Total Alkili as Na2O 0.09 
 
 
Table B-2. Physical Properties of Portland Cement Type I [28] 
Test  Standard Specifications 
 
Cement 
Loss on Ignition ASTM C-114 2.60% 
Loss on Ignition (Acid Insoluble) ASTM C-114 0.08% 
Time of setting (Initial) ASTM 266 101 min 




















Loss on Ignition 





Table B-4. Results of Sieve Analysis on The Virgin Aggregate #57  
Sieve Size (in) Percentage Passing Coarse Aggregates  
Percentage Passing Fine 
Aggregates 
1.5” 100 / 
1” 100 / 
1⁄2” 50 / 
# 4 7 100 
# 8 4 98 
# 16 / 87 
# 30 / 64 
# 50 / 35 
# 100 / 7 
 
 
Table B-5. Results of Sieve Analysis on RCA #57 
Sieve Size (in) Percentage Passing Coarse Aggregates  
Percentage Passing Fine 
Aggregates 
1.5” 100 / 
1” 96 / 
1⁄2” 60 / 
# 4 10 97.7 
# 8 4 88.5 
# 16 / 69.8 
# 30 / 51.6 




TEST RESULTS-COMPRESSIVE STRENGTH  
 





























54685 4371 4.05 
 
 































































62350 4963 4.01 
 
 






























































56860 4527 4.10 
 
 




































































51847 4141 3.90 
 
 






























































67633 5453 4.10 
 
 






























































60599 4840 3.98 
 
 






























































































































































































































































































































































Batch I-Type II-0.55 R25-F15 (14 days) 
Water/cement 
ratio Specimen 
   Diameter       
































































































































































































74430 5979 4.05 
 
 






























































75686 6050 4.01 
 
 

































Batch II- 0.45 R25-F10 (56 days) 
Water/cement 
ratio Specimen 
   Diameter       

























72882 5801 4.00 
 
 




































































69880 5564 4.00 
 
 
Batch II-0.45 R25-F15 (56 days) 
Water/cement 
ratio Specimen 
   Diameter       


























































69539 5940 4.20 
 
 









































TEST RESULTS-FLEXURAL STRENGTH 
 
Batch I, II-Control Mix (28 days) 








1 5.98 6.02 8832 733.56 0.50 2 6.01 6.01 8652 717.41 
1 NA NA NA NA 0.40 2 NA NA NA NA 
 
 
Batch I, II-Control Mix (56 days) 








1 5.99 6.01 8956 745.09 0.50 2 6.01 5.97 9423 791.84 
1 NA NA NA NA 0.40 2 NA NA NA NA 
 
 
Batch I, II-Control Mix (72 days) 








1 5.99 5.98 8854 744.02 0.50 2 5.99 5.99 9152 766.49 







Batch I, II-Control Mix (112 days) 








1 6.03 6.02 9185 756.56 0.50 2 5.99 5.99 9554 799.16 





Batch I, II-0.55 R25-F0 (28 days) 








1 6.02 6.00 8526 707.20 0.55 2 6.10 6.03 8725 708.07 





Batch I, II-0.55 R25-F0 (56 days) 








1 6.01 6.02 9302 768.74 0.55 2 6.00 6.00 9102 757.99 













Batch I, II-0.55 R25-F0 (72 days) 








1 6.02 6.00 8959 743.05 0.55 2 6.10 6.03 9161 743.56 





Batch I, II-0.55 R25-F0 (112 days) 








1 5.99 5.99 8989 752.01 0.55 2 6.01 6.00 9161 762.23 





Batch I, II-0.55 R25-F10 (28 days) 








1 5.98 6.02 8852 735.22 0.55 2 6.01 6.01 8452 700.82 














Batch I, II-0.55 R25-F10 (56 days) 








1 5.99 6.01 9050 752.91 0.55 2 6.01 5.97 9580 805.04 
1 NA NA NA NA 0.45 2 NA NA NA NA 
 
 
Batch I, II-0.55 R25-F10 (72 days) 








1 5.99 5.98 8804 739.82 0.55 2 5.99 5.99 9352 783.24 





Batch I, II-0.55 R25-F10 (112 days) 








1 6.01 6.00 9502 790.52 0.55 2 5.99 6.01 9336 776.71 














Batch I, II-0.55 R25-F15 (28 days) 








1 5.99 5.99 8829 739.56 0.55 2 6.01 6.00 8341 693.98 





Batch I, II-0.55 R25-F15 (56 days) 








1 5.99 6.03 9770 807.47 0.55 2 6.02 6.04 9259 758.93 





Batch I, II-0.55 R25-F15 (72 days) 








1 5.99 6.01 8970 746.26 0.55 2 6.01 5.97 9280 779.83 














Batch I, II -0.55 R25-F15 (112 days) 
w/c ratio 








1 6.01 6.02 9017 745.19 0.55 2 6.00 6.00 9760 812.83 
1 5.99 6.03 9771 807.47 0.45 2 6.02 6.04 9250 758.93 
 
 
